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MissouriHow do isolated cells reach out collec-
tively to remodel the environment in
which they reside? We have known
for some time that in certain processes,
such as wound-healing, cells appear to
act together, contacting one another
through bands of remodeled collagen
stretching over distances that are very
long compared to the size of a cell
(Fig. 1, left panel). We also know that
fibroblasts act locally, synthesizing
and remodeling extracellular matrix
(ECM) proteins in response to signals
that are only partially understood
(Fig. 1, right panel). Dissecting
these signals and responses is vital for
developing a mechanobiological un-
derstanding of key physiological and
pathophysiological processes includ-
ing tissue growth and development,
wound healing, fibrosis, andmetastasis.
The problem is multifaceted, and the
community has been working for years
to untangle it. Experimental and theo-
retical models have led to a consensus
that cell-driven mechanical forces in
remodeling affect the cells themselves.
We know with certainty that mecha-
nical signals from, and transferred
through, the ECM cause cells to alignhttp://dx.doi.org/10.1016/j.bpj.2015.04.026
Submitted February 12, 2015, and accepted for
publication April 2, 2015.
*Correspondence: gening@seas.wustl.edu
Editor: Ram Dixit.
 2015 by the Biophysical Society
0006-3495/15/06/2611/2 $2.00(1) and proliferate (2), and a rich body
of evidence points to some cells differ-
entiating and achieving phenotypic
stability as a result of this mechanical
signaling (3). However, this process
is recursive: forces transduced from
the ECM, primarily through trans-
membrane ligand structures, trigger
signaling pathways initiating the re-
modeling of the cells themselves, as
actin stress fibers are recruited within
the cytoskeletal network of the cells
(4,5). At the same time, the recruitment
of stress fibers allows the cells to con-
tract and effectively remodel the sur-
rounding ECM (6). Experiments on
cell-seeded collagen lattices indicate
that this recursive process affects
both cells and ECM mechanically; the
fibroblast cells appear to stiffen their
ECM to a target value, while respond-
ing to this stiffening by becoming
more compliant themselves (2).
How do cells act locally while hav-
ing impact over length scales sufficient
to produce bands of collagen like those
in Fig. 1? The distances covered by
these collagen bands are too large
compared to the size of a cell to be
explained by simple linear elasticity.
The field has been stepping toward
the answer to this question for decades,
beginning with the work of Murray
and Oster (7) on collagen remodeling
and proceeding with the pioneering
work of Barocas and Tranquillo (8),
among others, and their sophisticated
modeling of syneresis. Similarly,
advanced statistical tools are available
for defining the mathematical elements
needed to describe the architecture of
a collagenous tissue and following
its progression over time (6,9). Con-
tinuum constitutive models exist that
relate approximate models of local
collagen rearrangement to stress-strain
responses of ECM. Once collagen
density and orientation distributions
are known, Lanir-Sacks homogeniza-
tion can be performed over the orien-
tation distribution and responses of
tissues can be estimated using the
well-established toolbox of continuum
mechanics (10,11).An important piece of this puzzle
that had been missing, however, is
a continuum constitutive model that
can predict changes in density and
collagen orientation over time and the
associated changes to the strain-depen-
dent mechanical responses of the
ECM. In two recent articles in the
Biophysical Journal, Abhilash et al.
(12) and Wang et al. (13) presented
the first tool for this, and applied it
to provide important insight about
how cells take advantage of the fibrous
nature of the ECM to facilitate
communication with distant neighbors.
In a finite-element-based discrete
fiber network model of contractile
cell-mediated remodeling in fibrous
matrices, Abhilash et al. (12) showed
that very simple drawing in of a fibrous
network by cells can explain a broad
range of well-known experimental
observations, including long-range
force transmission in fibrous matrices.
They further characterized many key
factors such as the role of cell shape
anisotropy in the extent of this com-
munication and the degree of spatial
heterogeneity that arises, showing
clearly that the fibrous nature of the
ECM allows communication that
would not be possible in a simple
Neo-Hookean ECM.
Discrete simulations of analogous
phenomena have been performed by
others (6,9), but this study is particu-
larly exciting because it enabled its
sequel (13), a continuum constitutive
model that scales up these complicated
discrete simulations to the level of
tissues. This first-order, biophysically
based continuum model of ECM
mechanics captures the behaviors
observed in the earlier discrete fiber
network simulations, but further lends
itself to the development of scaling
laws for the distances of cellular
communication in a fibrous ECM.
The result is a clear picture of the condi-
tions under which cells can act locally
on their pericellular environment to
FIGURE 1 Cells, functioning in isolation, can generate traction fibers to
reach out over relatively large distances to adjacent cells. (Left) One section
from a confocal reflectance micrograph of a construct containing chick
embryo fibroblasts (orange, stained with the fluorescent-probe CellTracker
orange; Life Technologies, Carlsbad, CA) at an initial cell concentration of
105/mL in 1 mg/mL rat tail collagen (green, unlabeled). Extending this work
to account for the compressed capsules of collagen around the cells repre-
sents an important direction. Scale bar, 100 mm. (Right) An additional direc-
tion for model development involves production of collagen by cells. The
image shown is of an 8-day-old engineered heart tissue specimen (chicken
embryo fibroblasts and cardiomyocytes in a rat-tail collagen matrix), with
actin stained red (rhodamine-phalloidin) and collagen synthesized by cells
stained green (anti-chick type-I collagen immunofluorescence). Although
cardiomyocytes in this tissue construct (striated sarcomeric actin at the top
of the image) do not produce much collagen, much synthesized collagen
was evident around fibroblasts. The rat type-I collagen with which the
FMC was formed was not labeled by the chicken-specific antibody. Scale
bar, 20 mm. To see this figure in color, go online.
2612 Rowe et al.communicate over distances
many times their diameter
to unionize with their
neighbors.
This new advance in our
understanding of cellular
locomotion and remodeling
offers great potential for
additional refinements. The
models of Abhilash et al.
(12) account for communi-
cation across long distances,
but are limited because,
like all constitutive models,
they are approximate at the
local level. Another limita-
tion of these first-order
models of ECM compaction
is their inability to account
for cell digestion of collagen
by enzymes such as matrix
metalloproteinases or for
the production of collagen
by the cell (e.g., Fig. 1),
and thus need to be further
refined in the pericellular
region. Excellent models
exist for this (6), but much work needs
to be done to incorporate such an
extension into the constitutive model
of Abhilash et al. (12) and Wang
et al. (13). The recursive nature
of cellular and ECM remodeling is
also a frontier that remains open;
although models are available that
predict how internal and external
forces affect cellular remodeling, the
interplay between cellular and ECM
remodeling remains unclear, but it
is surely of great importance and
should be addressed in future models
of cell-ECM remodeling. In their
present form, these models from
Abhilash et al. (12) shed light on the
fundamental processes that enable
cells, acting locally and independently,
to form and communicate over long-Biophysical Journal 108(11) 2611–2612range mechanical networks, and pro-
vide us with a solid foundation for
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